Primary cilia are evolutionarily conserved sensory structures that function as critical signaling nodes of numerous biological processes, including sensory perception. Photoreceptors are light-sensitive neurons of the retina that contain highly modified primary cilia. Within these structures, protein movement is governed by multifaceted complexes at the base of the cilium, one of which is made up of Bardet--Biedl Syndrome (BBS) proteins. Eight BBS proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9, and BBS18) participate in the formation of a stable protein complex named the BBSome. The overall function of the BBSome complex is understood to be a coat complex required for sorting specific membrane proteins to and from the primary cilia, specifically with regard to retrograde trafficking.[@bib1]^,^[@bib2]

Mutations in *Bbs* genes that result in deficiencies in primary cilia function and receptor trafficking are associated with pathologies in a group of disorders with overlapping phenotypes, termed *ciliopathies*.[@bib3]^--^[@bib5] BBS is a rare autosomal recessive ciliopathy in which phenotypes such as renal anomalies, polydactyly, hypogonadism, cognitive impairment, and obesity evolve throughout the first decade of life.[@bib6]^--^[@bib8] Although there is phenotypic variability within patients, the most highly penetrant feature is retinal dystrophy, which occurs in over 90% of BBS patients.[@bib9]^,^[@bib10] Cases have been reported as cone--rod dystrophy and rod--cone dystrophy with secondary findings such as strabismus, cataracts, and astigmatism.[@bib5]^,^[@bib9]^--^[@bib12] Several studies of BBS knockout animal models have been shown to emulate some phenotypes found in patients, specifically pertaining to retinal degeneration.[@bib13]^--^[@bib21]

A component of the BBSome, Bardet--Biedl Syndrome 5 (BBS5), is one of the most widely conserved components across eukaryotes and was discovered using a comparative genomics approach.[@bib22]^,^[@bib23] BBS5 contains two pleckstrin homology domains and a three-helix bundle.[@bib24] One of the observed molecular functions of BBS5 is its interaction with arrestin-1 in a light-dependent manner.[@bib25] Currently, few animal models of *Bbs5* absence have been generated to study its role in retinal development, function, and homeostasis. Containing a novel frameshift mutation found in a cohort of patients, a zebrafish animal model of this BBS5 mutation was found to have retinal development issues and extensive protein mislocalization.[@bib26] Recently, it has been reported that the lack of *Bbs5* in mice results in a cone--rod dystrophy conveyed through the loss of photopic function by electroretinography (ERG) analyses.[@bib27] To further analyze the role of BBS5 in the development and maintenance of photoreceptors and its potential role in photoreceptor protein trafficking and structure, we generated a congenital knockout mouse model, *Bbs5^−/−^*. We have found cone phototransduction component mislocalization, accompanied by light-dependent arrestin-1 mislocalization. Additionally, we have found abnormal outer segment disks through transmission electron microscopy (TEM). These data bring to the surface some of the differences in BBSome function between rod and cone photoreceptors with respect to protein trafficking and photoreceptor function.

Methods {#sec2}
=======

Animals {#sec2-1}
-------

BBS5 knockout (*Bbs5^tm1a^*; *Bbs5^--/--^*) embryonic stem cells were obtained from the European Conditional Mouse Mutagenesis (EUCOMM) program and were used to generate *Bbs5^--/--^* mice on a mixed genetic background (B6J to B6N albino). Primers used for genotyping included 5′ ttcagttggtcagttttgtatcgt (common forward in 5′ homology arm of *Bbs5*), 5′ tcagcaccggataacagagc (reverse WT), and 5′ catagttggcagtgtttgggg (reverse in the *tm1a* cassette). Sequencing of the *Bbs5^--/--^* genomic and cDNA was performed via fluorescence-based Sanger sequencing. There were non-Mendelian ratios of surviving animals. All animal studies were conducted in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research using protocols approved by the Institutional Animal Care and Use Committee at the University of Alabama at Birmingham.

Quantitative Western Blotting {#sec2-2}
-----------------------------

Retinas from *Bbs5^--/--^* and wild-type (WT) mice (*n* = 5 per group) were homogenized in sample application buffer as described previously.[@bib28] They were then separated by standard polyacrylamide gel electrophoresis, transferred to a supported nitrocellulose membrane (1212590; GVS North America, Sanford, ME, USA), and blocked for 1 hour at room temperature with 4% non-fat dry milk in TBST (20-mM Tris-Cl, pH 7.6; 0.1% \[v/v\] Tween 20), supplemented with 0.02% sodium azide. They were incubated overnight at 4°C in the same solution containing primary antibody (anti-BBS5[@bib25] and β-actin antibody, 4967; Cell Signaling Technology, Danvers, MA, USA). Binding of secondary antibodies conjugated to horseradish peroxidase (62-6520, 31460; Thermo Fisher Scientific, Waltham, MA, USA) was detected using chemiluminescent reagents by exposure to film. For quantification, individual band intensity was measured using ImageJ (National Institutes of Health, Bethesda, MD, USA). Bands were normalized to the β-actin loading control.

Tissue Preparation and Immunofluorescence Microscopy {#sec2-3}
----------------------------------------------------

Animals were housed with 12-hour light/dark cycles. For dark-adapted studies, animals were dark-adapted for at least 4 hours. After euthanasia, retinal tissues were fixed in 4% paraformaldehyde and were then cryoprotected in 30% sucrose. Tissues were embedded and frozen in optimal cutting temperature compound and sliced into 12-µm-thick sections. Retinal sections were then permeabilized with 0.1% Triton X-100 in PBS. Blocking and primary antibody incubations were in 10% normal goat serum in PBS with 0.01% sodium azide and 0.3% Triton X-100, and sections were washed with PBS. Primary antibody incubations were performed for 16 to 24 hours at 4°C. Primary antibodies used included rhodopsin (1D4, 1:2000; courtesy of Robert Molday[@bib29]^--^[@bib31]); arrestin-1 (sc-67130, 1:250; Santa Cruz Biotechnology, Santa Cruz, CA, USA); transducin (K-20, 1:250; Santa Cruz Biotechnology); M-opsin, S-opsin, and arrestin-4 (1:1000; courtesy of Cheryl Craft[@bib32]^,^[@bib33]); GNAT2 (PA5-22340, 1:100; Thermo Fisher Scientific); peripherin-2 (MABN293, 1:100; MilliporeSigma, Burlington, MA, USA); and cyclic nucleotide-gated channel alpha 3 (CNGA3, 1:100; courtesy of Xin-Qin Ding[@bib34]). All secondary antibodies and mounting media were purchased from Thermo Fisher Scientific, and incubations were performed for 1 hour at room temperature using a 1:500 dilution. Secondary antibodies used included Alexa Fluor 488-conjugated Goat anti-Mouse IgG (A32723) and Alexa Fluor 488-conjugated Goat anti-Rabbit IgG (A-11034), and tissue nuclei were visualized with nuclear stain 4′,6-diamidino-2-phenylindole (DAPI, 62248; Thermo Fisher Scientific). Coverslips were mounted using Immu-Mount (9990402; Thermo Fisher Scientific).

Retinal tissue images were taken either on a PerkinElmer Ultra ERS-6 spinning disk confocal microscope (Waltham, MA, USA) with a 60× Apo TIRF oil immersion objective (1.49 NA) and a Hamamatsu C9100 EM-CCD (Hamamatsu Photonics, Hamamatsu, Japan) or on a Zeiss LSM-800 Airyscan confocal microscope (Carl Zeiss Microscopy, White Plains, NY, USA) with a 60× Apo TIRF oil immersion objective (1.49 NA) and a Zeiss Axiocam-506 CCD camera. Retinal tissue hematoxylin (72704; Thermo Fisher Scientific) and eosin (17372-87-1; Acros Organics, Morris Plains, NJ, USA) staining was performed and imaged on a Nikon Eclipse TE2000 with a 40× objective and a MicroPublisher 3.3 RTV camera (Teledyne QImaging, Surrey, BC, Canada).

Retinal spidergrams were constructed by plotting the number of outer nuclear layer (ONL) nuclei as a function of position in the retina relative to the optic nerve (µm). To detect cell death, TUNEL labeling was performed using the ApopTag Red kit (S7165; EMD Millipore, Darmstadt, Germany) and counting the number of positively labeled apoptotic nuclei from 15 retinal sections from each animal. All images were compiled using ImageJ software.

Electroretinography {#sec2-4}
-------------------

Mice were dark adapted for at least 4 hours and anesthetized with 2.5% isoflurane. Following general anesthesia, animals were placed on a heating pad, corneas were anesthetized with proparacaine (0.5%), and pupils were dilated with topical phenylephrine HCl (2.5%) and tropicamide (1%). Electroretinogram recordings were collected using a HMsERG unit (OcuScience, Henderson, NV, USA) and loop electrodes of 37-gauge platinum wire as previously described.[@bib35] Protocols Scotopic 2 and Photopic (OcuScience) were used over a range of flash intensities (0.1--25 cd·s/m^2^). Prior to testing, a background light adaptation of 10 minutes at 30 cd·s/m^2^ was used for photopic responses. ERGView software (OcuScience) was used to analyze the ERG recordings and to determine a- and b-wave amplitudes. Averaged recordings were exported to text files and graphed in KalediaGraph (Synergy Software, Inc., Reading, PA, USA).

Transmission Electron Microscopy {#sec2-5}
--------------------------------

Mouse eyecups were fixed by immersion in 2.5% paraformaldehyde and 2.5% glutaraldehyde in 100-mM sodium cacodylate buffer (pH 7.4) at room temperature for 30 minutes, then at 4°C for 2 hours with gentle rotation. The eyecups were then washed with 60-mM sodium phosphate (pH 7.4) supplemented with 3% sucrose and 150-mM CaCl~2~ two times, 15 minutes each. They were then secondarily fixed with 1% OsO~4~ in 60-mM sodium phosphate (pH 7.4) supplemented with 3% sucrose and 150-mM CaCl~2~. The eyecups were dehydrated through an ethanol series and transitioned to the embedding medium with propylene oxide. The eyecups were embedded for sectioning in 29% (w/w) Araldite 502, 17.8% (w/w) LX-112, and 53.2% (w/w) dodecenyl succinic anhydride supplemented with 0.2-mL benzyldimethylamine/10 g resin at 70°C for 8 hours. All reagents were obtained from Electron Microscopy Sciences (Hatfield, PA, USA).

Statistical Analyses {#sec2-6}
--------------------

Groups were compared by the Student\'s *t*-test or, in the case of multiple comparisons, by one-way ANOVA followed by appropriate post hoc tests. Kruskal--Wallis nonparametric ANOVA with post hoc Mann--Whitney *U* test was used for TUNEL quantifications. Greenhouse--Geisser correction was used for ERG analyses. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec3}
=======

Generation of *Bbs5* Congenital Knockout First Allele Line {#sec3-1}
----------------------------------------------------------

The BBSome is a stable protein complex whose role has been evaluated in numerous ciliated cell types.[@bib1]^,^[@bib2] Whether there are differential roles for the BBSome components among ciliated cell types is currently unknown. To assess the role of BBS5 in photoreceptors, we generated a congenital knockout first allele mouse line (*Bbs5^--/--^*) ([Fig. 1](#fig1){ref-type="fig"}A). Sequencing of cDNA obtained from retinal extract of *Bbs5^--/--^* mice indicates that the allele contains a cryptic splice site in the engineered exon, which skips the *LacZ* cassette and resplices back into the fourth exon without maintaining the reading frame. This prevents the use of *LacZ* to evaluate *Bbs5* expression. The novel splicing results in a frameshift and premature stop codon. Embryos maintained on a mixed background were found to be viable and were aged to 2, 3, or 9 months old. BBS5 protein expression levels were examined through quantitative western blot analyses using retinal extract and revealed significant decreased expression in *Bbs5^--/--^* samples compared to controls ([Figs. 1](#fig1){ref-type="fig"}B--[1](#fig1){ref-type="fig"}D).

![Generation of *Bbs5* congenital knockout first allele line. (**A**) Allele schematics: WT and *Bbs5* knockout first allele (*Bbs5^--/--^*; *red dashes* indicate cryptic splice site). (**B, C**) Quantitative western blot analyses show significantly reduced expression of BBS5 from *Bbs5^--/--^* retinal extract compared to WT. Loading control probing for β-actin was used to normalize band intensity. (**D**) Statistical analyses of protein level: BBS5 was significantly reduced (*P* \< 0.05) based on Student\'s *t*-test (*n* = 5 per group; mean ± SEM; ^\*\*\*^*P* \< 0.05).](iovs-61-10-17-f001){#fig1}

Congenital Absence of BBS5 Results in Retinal Degeneration {#sec3-2}
----------------------------------------------------------

To investigate the role of BBS5 in photoreceptors, *Bbs5^--/--^* mice were analyzed at 2- and 9-months-old time points. At 2 months, *Bbs5^--/--^* retinas underwent a slight reduction in the number of nuclei in the ONL with minimal cell death ([Figs. 2](#fig2){ref-type="fig"}A, [2](#fig2){ref-type="fig"}C--[2](#fig2){ref-type="fig"}E). In contrast, 9-month-old *Bbs5^--/--^* retinas had a significant reduction in nuclei in the ONL accompanied with a significant increase of cell death ([Figs. 2](#fig2){ref-type="fig"}D--[2](#fig2){ref-type="fig"}F).

![Congenital absence of BBS5 results in retinal degeneration. (**A, B**) H&E staining of retina sections from WT and *Bbs5^--/--^* 2-month-old mice (2M) and 9-month-old mice (9M). Retina layers are indicated as follows: retinal pigment epithelium (RPE), outer segment (OS), inner segment (IS), outer nuclear layer (ONL), and inner nuclear layer (INL). *Scale bar*: 50 µm. **(C**) Morphometric analysis of nuclei counts at different distances from the optic nerve head using Student\'s *t-*test revealed only slight retinal degeneration in 2M *Bbs5^--/--^* compared to statistically significant retinal degeneration in 9M *Bbs5^--/--^*. (**D**, **E**) TUNEL staining images for apoptosis (*red*) in 2M and 9M retinas. DAPI stained nuclei are *blue*. *Scale bar*: 50 µm. (**F**) Graph of TUNEL quantification in 2M and 9M retinas. Kruskal--Wallis nonparametric ANOVA with post hoc Mann--Whitney comparisons yielded ^\*\*\*^*P* \< 0.05 (*n* = 6 per group; mean ± SEM).](iovs-61-10-17-f002){#fig2}

BBS5 Plays a Role in the Proper Trafficking of Specific Retinal Proteins {#sec3-3}
------------------------------------------------------------------------

One of the proposed functions of the BBSome is mediating vesicular trafficking to and from the ciliary membrane. To evaluate whether the absence of BBS5 disrupted normal regulation of phototransduction protein transport, we analyzed the localization of several rod- and cone-specific phototransduction components in 2-month-old (2M) WT and *Bbs5^--/--^*. In both light- and dark-adapted mice, rhodopsin and rod transducin localize normally to the outer segment (OS) and inner segment (IS), respectively, in 2M *Bbs5^--/--^* mice ([Figs. 3](#fig3){ref-type="fig"}A, [3](#fig3){ref-type="fig"}B). In dark conditions, arrestin-1 is restricted from the OS and properly localizes to the IS and ONL of both WT and *Bbs5^−/−^* mice. However, the absence of BBS5 did have a noticeable effect on arrestin-1 localization in the response to light ([Fig. 3](#fig3){ref-type="fig"}C). In WT retinas, light induces the near complete transfer of arrestin-1 into the OS. Although arrestin-1 does accumulate in the OS of *Bbs5^--/--^* mice following light adaptation, there are significant remnants of arrestin-1 in the IS and ONL and at the synapse that is not observed in WT retinas.

![Analysis of rod cell phototransduction protein localization in *Bbs5^--/--^* retinas. (**A**) Rhodopsin staining (*green*) in both light- and dark-adapted conditions reveals normal localization to the outer segment in 2M *Bbs5^--/--^* and WT mice. (**B**) Transducin staining (*magenta*) is similar between *Bbs5^--/--^* and WT controls in both the light and dark conditions. (**C**) Arrestin-1 staining (*red*) is present in the outer segment and is mislocalized to the inner segment and outer nuclear layer in the light-adapted *Bbs5^--/--^* retinas (asterisk) but has normal localization in dark adapted conditions. One-way ANOVA was used for quantification of the average fluorescence intensity distribution, as indicated for each protein in the graphs (^\*\*\*^*P* \< 0.05). DAPI-stained nuclei are *blue*. ^\*^Areas of mislocalization. *Scale bar*: 25 µm.](iovs-61-10-17-f003){#fig3}

In light-adapted animals, we found abnormal localization of cone phototransduction components, such as arrestin-4, M- and S-opsin, cone transducin (GNAT2), and the cone photoreceptor CNGA3 in *Bbs5^--/--^* mice ([Figs. 4](#fig4){ref-type="fig"}A--[4](#fig4){ref-type="fig"}E). We found that cone M- and S-opsin expression was not confined to the cone outer segments but was also localized to the ONL and synapse ([Figs. 4](#fig4){ref-type="fig"}B, [4](#fig4){ref-type="fig"}C). However, we did observe proper localization of peripherin-2, which is expressed in both rods and cones, which suggests that its trafficking is not mediated by BBS5 ([Fig. 4](#fig4){ref-type="fig"}F).

![*Bbs5^--/--^* retinas have aberrant cone phototransduction component localization but have proper peripherin-2 trafficking. (**A**) Arrestin-4 staining (*green*) revealed abnormal localization in 2M *Bbs5^--/--^*, with minimal present in the outer segments and increased localization at the synapse compared to WT mice. (**B**, **C**) M-opsin (*red*) and S-opsin staining (*magenta*) is present in the outer segment and is mislocalized to the inner segment and outer nuclear layer in *Bbs5^--/--^* retinas. (**D**) Cone transducin (GNAT2) staining (*magenta*) is dissimilar between *Bbs5^--/--^* and WT. (**E**) CNGA3 staining (*green*) appears to have abnormal localization. (**F**) Peripherin-2 (*green*) labeling shows normal localization in *Bbs5^--/--^* as in WT. All animals were light adapted. DAPI-stained nuclei are blue. ^\*^Mislocalization. *Arrows* (\< and \>) indicate greater absence of protein staining. *Scale bar*: 25 µm.](iovs-61-10-17-f004){#fig4}

BBS5 Is Needed for Optimal Rod Cell Response But Also Proves Vital for Cone Photoreceptor Function {#sec3-4}
--------------------------------------------------------------------------------------------------

To assess rod and cone photoreceptor function in the absence of BBS5, ERG was conducted in 2M WT and *Bbs5^--/--^* mice. Scotopic ERG responses revealed a decrease in a- and b-wave amplitudes, although latencies were unaffected ([Figs. 5](#fig5){ref-type="fig"}A, [5](#fig5){ref-type="fig"}B, [5](#fig5){ref-type="fig"}D). However, photopic ERG responses were flatlined, resulting in a complete loss of signal compared to age-matched WT animals ([Figs. 5](#fig5){ref-type="fig"}C, [5](#fig5){ref-type="fig"}D). This indicates that BBS5 is needed for optimal rod photoreceptor function and is vital for cone photoreceptor function.

![BBS5 is needed for optimal rod cell response and is vital for cone photoreceptor function. (**A**, **B**, **C**) Overlaid representative scotopic and photopic ERG traces at the lowest and highest flash intensities (0.1 and 25 cd·s/m^2^) from dark-adapted 2-month-old WT (*black*) and *Bbs5^--/--^* (*red*) animals. (**D**) Summary data averaged across WT (*black circles*) and *Bbs5^--/--^* (*red triangles*). The a-wave amplitude was measured from baseline to trough, and the b-wave amplitude was measured from baseline to peak at each flash intensity. Latencies represent time to peak/trough. *Bbs5^--/--^* scotopic a- and b-wave amplitudes were significantly decreased compared to WT, but latencies were comparable to those of WT. *Bbs5^--/--^* photopic responses were flatlined compared to WT controls (*n* = 6 per group; mean ± SD; ^\*\*\*^*P* \< 0.05, repeated-measures ANOVA).](iovs-61-10-17-f005){#fig5}

Absence of BBS5 Results in Abnormal Outer Segment Orientation {#sec3-5}
-------------------------------------------------------------

Transmission electron microscopy revealed altered disk orientation in 3-month-old *Bbs5^--/--^* retinas ([Figs. 6](#fig6){ref-type="fig"}A--[6](#fig6){ref-type="fig"}D). It was found that some photoreceptor OS appeared completely disorganized, with perpendicularly oriented disk membranes running along the sides of the OS and parallel disks on the inside ([Fig. 6](#fig6){ref-type="fig"}B). Aberrant OS disk membranes were also observed apically localized in OS disk membranes in *Bbs5^--/--^* mice ([Fig. 6](#fig6){ref-type="fig"}D), which was not found in WT mice ([Fig. 6](#fig6){ref-type="fig"}C).

![*Bbs5^--/--^* mice have aberrant outer segment disk membranes. Sagittal sectioned retinas from 3-month-old WT (**A**, **B**) and *Bbs5^--/--^* (**C**, **D**) mice show aberrant outer segment membranes. In WT mice, disks are oriented parallel, whereas in *Bbs5^--/--^* mice not only are the disks oriented parallel but there is the appearance of perpendicularly oriented disks and membranous churns (indicated by *arrows*, \< and \>).](iovs-61-10-17-f006){#fig6}

Discussion {#sec4}
==========

Bardet--Biedl syndrome is a devastating ciliopathic syndrome, with a majority of affected patients displaying a retinal dystrophy. The cause and underlying molecular mechanisms still remain unknown. Through the use of a congenital BBS5 knockout mouse model, *Bbs5^--/--^*, we have been able to provide some insight into the role BBS5 plays within photoreceptors. We found that *Bbs5^--/--^* mice developed retinal degeneration, with minimal loss of nuclei in the ONL at 2 months, but hematoxylin and eosin (H&E) staining showed overall normal retinal morphology. Aging mice out to 9 months showed a significant loss of nuclei in the ONL that was accompanied by an increased number of apoptotic nuclei as revealed by TUNEL staining. These data concur with the previously reported studies in other BBS mutant animal models that photoreceptor cilia formation was undisrupted; however, photoreceptor maintenance was affected.[@bib15]^,^[@bib21]^,^[@bib36]

One of the proposed mechanisms of the BBSome is governing vesicular protein trafficking to and from the cilium, thus playing a major role in retrograde trafficking. To evaluate whether the retinal phenotypes are related with distorted regulation of phototransduction protein transport, we analyzed the localization of rod- and cone-specific proteins. We found a light-dependent mislocalization of arrestin-1 and abnormal staining of cone phototransduction components: arrestin-4 and M- and S-opsin, as well as GNAT2 and CNGA3. We also observed normal localization of peripherin-2 in *Bbs5^--/--^* mice. ERG revealed complete loss of cone photoreceptor response with decreased scotopic a- and b-wave amplitudes.[@bib27] In arrestin-1:arrestin-4 double knockout mice, ERGs showed a complete loss of photopic response, revealing that both arrestin-1 and arrestin-4 are necessary for cone survival.[@bib37]^--^[@bib39] Absence of arrestin-1, arrestin-4, and CNG channel subunits have been shown to elicit cone opsin mistrafficking, resulting in opsin degradation.[@bib40]^--^[@bib42] Likewise, several retinal dystrophies are elicited by mistrafficking of cone phototransduction components.[@bib43]^--^[@bib45] Adding to this list, our data show that BBS5 plays an important role in specific cone protein trafficking or sorting.

Our data and those of others support the suggestion that the BBSome and its components are involved in outer segment maintenance.[@bib17]^,^[@bib46] In order to analyze OS ultra-structure, we performed TEM and observed that *Bbs5^--/--^* photoreceptors had abnormal disk orientation. This has also been observed in other BBS knockout mice and has been portrayed as a trait of abnormal OS morphogenesis.[@bib46]^,^[@bib47] Due to the role of the BBSome in other ciliated cells in both recruitment and cargo trafficking toward the ciliary base, it is possible that BBS5 plays a role in the trafficking process of photoreceptor disk organization and orientation.[@bib1]^,^[@bib17]^,^[@bib48] In a study assessing photoreceptor disk membrane formation, it was found that retrograde intraciliary trafficking of opsin during the maintenance of cone-shaped photoreceptor OSs occurred, but peripherin-2 was not retrogradely trafficked.[@bib49] It has been proposed in other ciliated cell types that the BBSome is involved in retrograde trafficking of proteins from the cilia.[@bib50]^--^[@bib52] BBS5 could potentially play a pivotal role in the retrograde trafficking of specific cone phototransduction components that comprise cone disks, and the absence of BBS5 could explain cone-specific protein mislocalization.

Interestingly, this work supports the concept that not only do these connecting cilium compartments have specific protein trafficking roles but there are also molecular differences between rod and cone photoreceptor ciliary compartments. Our data show that cone photoreceptors are primarily affected by the absence of BBS5 with complete loss of function, as well as cone-specific protein mislocalization; rod photoreceptors were only minimally affected, with the exception of light-dependent arrestin-1 mislocalization. Perpherin-2, which is found in both rod and cone photoreceptors, has proper localization, suggesting a BBS5-independent mode of peripherin-2 trafficking. In a recent study investigating ciliary diversity, it was shown that differential regulation of transition zone and centriole proteins contributes to ciliary base diversity.[@bib53] Arguably, this potentially could be the case for rod and cone connecting cilium diversity, especially due to their distinct functional and morphological differences. Sheffield and colleagues[@bib54]^,^[@bib55] have shown that other BBSome subunits can still integrate into the BBSome in the absence of specific BBSome components, supporting the notion that components are incorporated independently into the BBSome. Although not directly tested in these studies, further experiments using this knockout model could help uncover the BBSome assembly.

This work provides insight into the distinct role that the BBSome component BBS5 has in photoreceptors. We have shown that BBS5 is required for photoreceptor outer segment maintenance and, in particular, cone-specific photoreceptor function and protein trafficking. Our data support the conclusion that the absence of BBS5 has differential effects between rod and cone photoreceptors, revealing distinct requirements with regard to function and protein trafficking. Overall, these data address some of the functional and molecular mechanisms involved in the absence of function in the BBSome that are imperative for understanding the retinal degeneration associated with these devastating ciliopathic disorders.
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